Abstract Siglecs, sialic acid-recognizing Ig-superfamily lectins, regulate various aspects of immune responses, and have also been shown to induce the endocytosis of binding materials such as anti-Siglec antibodies or sialic acid-harboring bacteria. In this study, we demonstrated that the expression of Siglec-9 enhanced the transfection efficiency of several cell lines such as macrophage RAW264 and non-hematopoietic 293FT cells. We applied this finding to the production of a lentiviral vector in which cells were transfected simultaneously with multiple vectors, and achieved a twice increase in viral production levels. Furthermore, 293FT cells expressing lectin-defective Siglec-9 produced threeto seven-fold higher titer of viral vector compared with parental 293FT cells. These results suggest that Siglec-9 enhanced lentiviral vector production in a lectin-independent manner.
Introduction
Replication-defective retroviral and lentiviral vectors are widely used for the gene manipulation of animal cells. Lentiviral vectors have been used to introduce genes to growth arrested cells, whereas retroviral vectors can only be used for dividing cells. Thus, lentiviral vectors such as the human immunodeficiency virus-1 (HIV-1)-based vector are preferentially used. Replication-defective retroviral vectors can be produced by using packaging cells that stably express viral components such as Gag and Pol, and a transgene flanked by viral long terminal repeat (LTR) sequence at both ends. To avoid the production of progeny viruses in target cells, transgenes do not contain genes for viral structural proteins. The LTR sequences are essential for reverse-transcription and integration. A viral vector can be produced by transfecting the env gene alone to packaging cells. The Env protein, which determines the specificity of infection, is often replaced with Env from other viruses to alter the host specificity. The most widely used Env is VSV-G from Vesicular stomatitis virus, which permits the infection of a wide variety of species such as humans, mice, insects, and birds. The plasmid encoding VSV-G is independently transfected to cells because VSV-G is known to be hazardous to cell growth due to the induction of cell fusion.
Although lentiviral vectors have similar characteristics, the procedure for viral preparation differs. Packaging cells cannot be used to prepare HIV-1-based lentiviral vectors because viral Gag and Pol proteins have been shown to have a negative impact on cell growth, and several plasmids that separately encode the transgene, viral gag/pol, and env have to be simultaneously transfected to cells. Thus, the efficiency of viral production is less with the lentiviral system than with the retroviral system in which packaging cells can be used. This results in a low viral titer, limiting the efficiency of gene transfer. In order to increase transfection efficiency, cells originating from human embryonic kidney 293 have been mainly used for virus preparation because of their higher rates of cell growth and transfection.
Sialic acids that cover the cell surface as the terminals of glycosylation were previously demonstrated to play various roles in the regulation of immune responses (Pilatte et al. 1993) . Although sialic acids are generally rare in lower organisms, some pathogens possess sialic acids on their surface, which may be in an attempt to evade immune responses by mimicking host cells. Siglecs are sialic acid-recognizing Ig-superfamily lectins prominently expressed on immune cells (Crocker et al. 2012; Varki and Angata 2006) . Members of CD33-related Siglecs have been shown to downregulate both innate and acquired immune responses, and this may occur via cytosolic immunoreceptor tyrosine-based inhibitory motifs (ITIMs) residing in the cytoplasmic region of the protein (Avril et al. 2005; Ikehara et al. 2004; Lajaunias et al. 2005; Nicoll et al. 2003; Paul et al. 2000; Ulyanova et al. 1999; von Gunten et al. 2005; Zhang et al. 2007 ). We previously suggested that CD33-related Siglecs may antagonize Toll-like receptor (TLR)-mediated inflammatory responses, leading to a reduction in proinflammatory cytokines and increase in the production of an antiinflammatory cytokine (Ando et al. 2008) . Furthermore, a previous study reported that Siglec-5 and sialoadhesin (Siglec-1) mediated the uptake of Neisseria meningitides, one of the sialic acid-harboring pathogens, into macrophages (Jones et al. 2003) . Since these Siglecs are known to be expressed mainly on immune cells, the activity of Siglecs toward non-hematopoietic cells has not yet been elucidated in detail. However, Siglec-Fexpressing CHO cells also endocytosed Neisseria meningitides (Tateno et al. 2007) , which indicated that Siglecs may modulate the cell function of non-hematopoietic cells. In this study, we examined the effect of Siglecs on the transfection efficiency of cell lines and demonstrated that Siglec-9 enhanced the lentiviral vector production of a non-hematopoietic cell line in a lectin-independent manner that required the transfection of multiple vectors.
Materials and methods

Plasmid construction
The plasmid vector expressing eGFP by a cytomegalovirus (CMV) promoter was constructed by inserting the eGFP gene into the BamHI/XhoI site of pcDNA4 (Life Technologies-Invitrogen, Carlsbad, CA, USA), and this was designated as pcDNA4/eGFP. The HIV-1-based lentiviral vector plasmid pSicoR which expresses eGFP by CMV promoter (Addgene plasmid 11579) (Ventura et al. 2004 ) was obtained from Addgene (Cambridge, MA, USA). The lentiviral vector pLSi/DAeGFP expressing eGFP under the control of a chicken actin promoter has been described previously (Motono et al. 2010) . pLSi/CMVST6/ DAeGFP was constructed by inserting the expression cassette of chicken sialyltransferase 6 controlled by a CMV promoter into pLSi/DAeGFP. The expression vector of human erythropoietin (hEPO), in which basal expression induced by the truncated ovalbumin promoter was amplified in an automatic feed-forward manner by the TRE sequence and tTA transcription factor, was constructed by inserting the hEPO expression unit in a bicistronic manner by the internal ribosome entry site (IRES) into the MSCV-based vector (Kodama et al. 2012 ). The vector backbone was changed to pSicoR, which was designated as pLSi/ OVA-TRE-hEPO-IRES-tTA/CMVeGFP-W. The expression plasmids for VSV-G (pVSV-G), HIV-1 gag/pol (pLP1), and HIV-1 rev (pLP2) were purchased from Clontech (Mountain View, CA, USA).
Establishment of Siglec-expressing cells and their basic characterization
The RAW264 macrophage cell line was obtained from the Riken BioResource Center (Tsukuba, Japan) and maintained in RPMI1640 (Nissui Pharmaceutical, Tokyo, Japan) containing 10 % heat-inactivated fetal calf serum (FCS, PAA Laboratories, Pasching, Austria), 0.03 % L-glutamine (Wako Pure Chemical Industries, Osaka, Japan), 5 x 10 -5 M 2-mercaptoethanol (Wako Pure Chemical Industries), 100 U/ml penicillin G (Wako Pure Chemical Industries), and 100 lg/ml streptomycin (Wako Pure Chemical Industries). The construction of human Siglec-9-expressing plasmids and the establishment of RAW264 cell lines stably expressing Siglec-9 were described previously (Ando et al. 2008 ). 293FT cells were purchased from Invitrogen and maintained in DMEM (Sigma-Aldrich Japan, Tokyo, Japan) supplemented with 10 % FCS, 1 mM sodium pyruvate (Wako Pure Chemical Industries), 1 % non-essential amino acids (Gibco Life Technologies, Grand Island, NY, USA), 0.03 % L-glutamine, 100 U/ml penicillin G, and 100 lg/ml streptomycin. Siglec-9RA that has a point mutation converting arginine 120 to alanine for destruction of lectin activity was constructed by PCR and cloned into pcDNA4. Both in Siglec-9 and Siglec-9RA expression plasmids, Siglecs were expressed by a CMV promoter. Each plasmid containing Siglec derivatives was transfected using Lipofectamine 2000 (Life Technologies-Invitrogen) and cells surviving in the presence of 20 lg/ml of Zeocine were used as a bulk for subsequent experiments.
The expression of Siglec-9 was confirmed by indirect staining of the anti-Siglec-9 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and FITClabeled donkey anti-goat IgG antibody (Santa Cruz Biotechnology). Cell proliferation was measured using a cell counting kit (Cell Counting Kit-8; Dojin, Kumamoto, Japan). In brief, the indicated numbers of cells were cultured in a 96-well microtiter plate for 2 days and cells were incubated with WST-8 solution for 4 h followed by the measurement of absorbance at 450 nm.
Evaluation of transfection efficiency and productivity of lentiviral vectors
To examine the transfection efficiency of 293FT cells, pcDNA4/eGFP was transfected using Lipofectamine 2000 and eGFP fluorescence was observed by BioZero (Keyence, Osaka, Japan). Lentiviral vectors were produced by transfecting vectors pLP1 and 2, pVSV-G, and pLSi/CMVST6/DAeGFP or pLSi/OVA-TREhEPO-IRES-tTA/CMVeGFP-W as reported previously (Motono et al. 2010) . The viral titer was determined by infecting Hela cells based on eGFP expression.
Flowcytometric analysis
Transfection efficiency and lentiviral titer were quantified by flowcytometric analysis. Cells were trypsinized after eGFP transfection or lentivirus infection and detached cells were washed in phosphate buffered saline. Flowcytometer (EPICS ALTRA, Beckman-Coulter, Fullerton, CA, USA) was used to quantify the percentage of eGFP-expressing cells.
Results
Human Siglec-9 enhanced the transfection efficiency of RAW264 cells
We previously reported that Siglec-9 strongly stimulated the production of IL-10 by RAW264 cells, a mouse macrophage-like cell line, when these cells were stimulated with various TLR ligands (Ando et al. 2008) . Since this enhancement was also associated with higher expression of IL-10 mRNA, we applied the typical luciferase assay to examine the underlying mechanisms. Renilla luciferase expression regulated by the ubiquitous thymidine kinase promoter was strongly enhanced in Siglec-9-expressing RAW264 cells compared with control RAW264 cells (data not shown). When pSicoR was transfected, approximately 24.5 ± 0.4 % of cells showed eGFP fluorescence (Fig. 1) . This was consistent with the observation that DNA uptake by RAW264 cells was low. On the other hand, 56.8 ± 9.9 % of Siglec-9-expressing RAW264 expressed eGFP; approximately two times higher than that of control cells (Fig. 1) . These results suggest that the expression of human Siglec-9 strongly enhanced the transfection efficiency of RAW264 cells. effect of Siglecs on non-hematopoietic cells, 293FT cells were transfected with the Siglec-9-expression vector and cells harboring the vector were concentrated using the plasmid-encoded Zeocin-resistant phenotype. Cells from bulk culture were used in following experiments to avoid chromosomal position effects on Siglec-9 expression. After transfecting Siglec-9-expressing vectors and Zeocin selection, the expression of Siglec-9 on the cell surface was confirmed using flow cytometry (Fig. 2a) . The expression levels of Siglec-9 were higher in 293FT cells than in RAW264 cells (data not shown).
Siglecs have been shown to mediate the uptake of several pathogens by macrophages through an interaction with sialic acids on pathogens. To determine whether lectin activity was required for enhanced transfection efficiency, a lectin mutant was established. Since a positive charge on the Arg residue in the lectin domain of Siglecs is required for sialic acid binding, Arg120 was replaced with Ala. We confirmed that the point mutation of Siglec-9 (Siglec-9RA) diminished the sialic aciddependent binding of chicken erythrocytes to Siglec-9RA-expressing 293FT cells (Fig. 2b) . The expression levels of Siglec-9RA in 293FT were higher than those of Siglec-9 (Fig. 2a) . Western blotting confirmed the expression of Siglec-9 and Siglec-9RA and also the higher expression of Siglec-9RA (data not shown).
The growth of Siglec-expressing cells was examined prior to the transfection experiments. WST-8, an indicator of mitochondria activity and the cell proliferation, was added after 2 days and the mitochondrial activities of these cells were then compared. The level of cell proliferation was similar between mock and Siglec-9RA-expressing cells, while Siglec-9-expressing cells grew at a slower rate (Fig. 2c) .
Transfection efficiency is known to be high in 293FT cells. Thus, we reasonably assumed that Siglec did not have a marked influence on transfection efficiency. In fact, more than 80 % of cells expressed eGFP when 0.8 lg of pcDNA4/eGFP was transfected to control cells as recommended by supplier (data not shown). In the suboptimal transfection condition, in which a reduced amount of plasmid was used (10 % that of the normal condition), Siglec-9 moderately enhanced transfection efficiency in 293FT cells (Fig. 2d, e) , which indicated that Siglec-9 potentially enhanced the transfection efficiency of 293FT cells. Transfection efficiency was also enhanced in Siglec-9RA-expressing cells, demonstrating that this enhancing activity did not require the lectin activity of Siglec-9.
Siglec-9 enhanced lentiviral vector production by 293FT cells Since a significant difference was not observed in transfection efficiency in a simple transfection experiment, the production of lentiviral vectors was examined, because the transfection efficiency of multiple plasmids limited viral vector production. Lentiviral vector production commonly requires the simultaneous co-transfection of four different plasmids to minimize the appearance of hazardous replication-competent viruses. Indispensable components were divided into 4 separate plasmids: plasmid pLP1 expressing the viral structural proteins Gag/Pol, pLP2 expressing Rev, which enables the effective export of genomic virus RNA, pVSV-G encoding the envelope protein, and the lentiviral vector containing a gene of interest flanked with partially deleted LTR at both ends.
The vector constructs used are shown in Fig. 3a . We used two vectors: the lengths between LTRs were 6.3 kb for pLSi/CMVST6/DAeGFP and 9.9 kb for pLSi/OVA-TRE-hEPO-IRES-tTA/CMVeGFP-W. We firstly transfected the viral vector (pLSi/CMVST6/DAeGFP) to Siglec-expressing cells together with pLP1, pLP2 and pVSV-G. As shown in Fig. 3b , the viral titer increased in Siglec-9-expressing cells, which may have been due to enhanced transfection efficiency. Furthermore, Siglec-9RA cells achieved better results. The difference in expression level may explain the difference observed in efficiencies of viral production. However, we cannot deny that the reduced growth rate directly affected viral production. Since Siglec-9RA achieved better results, we used this cell line for further analyses. Using a longer vector construct (pLSi/OVA-TRE-hEPO-IRES-tTA/ CMVeGFP-W), high titers could be obtained with Siglec-9RA-expressing cells (Fig. 3c) . The titer in some experiments was slightly lower in mock cells than in parental 293FT cells. The CMV promoter was used for mock-and Siglec-expression vectors, which may have interfered with the production of viral proteins that are also expressed under the CMV promoter. We then repeated a similar transfection experiment under suboptimal conditions in which the cell number was decreased to half in order to obtain a pure viral vector preparation with a reduction in the amount of cell debris. The reduction enables repeated concentration procedures, to obtain high titer of viral vectors. Under this condition, we could obtain seven times higher viral titer with Siglec-9RA cells (Fig. 4) . Cytotechnology (2015) 67:593-600 597
Discussion
In this study, we demonstrated that the expression of Siglec-9 enhanced transfection efficiency. Although the expression of endogenous Siglecs is typically restricted to hematopoietic cells, this enhancing activity was also observed for non-hematopoietic cells such as 293FT. An enhancement of transfection efficiency in 293FT enables the production of higher titers of lentiviral vectors. The preparation of very high titers of viral vectors more than 10 8 transduction unit (TU)/ml is a prerequisite when establishing transgenic animals such as the chicken. Usually, titer of viral preparation was\10 6 and concentrated preparation (10 8 TU/ml) could be obtained by repeated centrifugation. Thus, seven-fold increases in viral titers have a marked effect on transgenesis.
The molecular basis to increase DNA delivery in Siglec cells has not yet been clarified. In general, molecules that mediate endocytosis enhance transfection efficiency. Several studies reported that EGFmodified lipid vesicles were constructed for effective delivery to tumor cells expressing high levels of the EGF receptor (Kikuchi et al. 1996) . A similar approach has been used for transferrin or lactoferrin with their receptors, and the RGD peptide with integrins (Cheng 1996; Elfinger et al. 2007; Kunath et al. 2003; Rao et al. 2008; Scott et al. 2001) . In this regard, Siglecs also exhibited enhanced efficiency of uptake of binding substances. In addition to sialic acid-containing bacteria, the antibody toward CD33 (Siglec-3) was effectively endocytosed into leukemia cells, and has been used for immunotoxin therapy (van der Velden Siglec expression may indirectly affect transfection efficiency. For example, the density of GM1-enriched lipid rafts was inversely correlated with efficiency (Kovacs et al. 2009 ). Siglec-9 was shown to localize to lipid rafts (our unpublished observations), which implied that Siglec-9 may affect the dynamics of the cell membrane such as lipid rafts; however, this localization was not observed for Siglec-9RA (Ando et al. unpublished result) .
The endocytosis of Siglec-F was previously shown to require both ITIM and ITIM-like motifs (Tateno et al. 2007 ). On the other hand, the requirement of these motifs for CD33 endocytosis is somewhat controversial (Orr et al. 2007; Walter et al. 2008) . Our preliminarily results showed that these motifs were required to enhance transfection efficiency, which indicated the need for cellular signaling through the ITIMs of Siglec-9 to achieve this enhancement. In the present study, we used Siglec-9RA-expressing bulk cells. If a cell line expressing Siglec-9RA in a higher level will be available, it may give higher titer of viral vector. Further characterization including isolation of the cell lines and optimization of the expression level of Siglec-9RA may lead to the production of higher titer lentiviral and retroviral vectors. /well, half number of optimum condition in Fig. 3) were transfected with the same amounts of plasmids shown in Fig. 3 , and viral titer was determined after 2-day culture. Data are expressed as mean value with standard deviation of three independent experiments. *p \ 0.05 versus parental cells by the Student's t test Cytotechnology (2015) 67:593-600 599
